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I. INTRODUCTION 
Yield reduction due to drought is frequently a threat in Iowa and 
adjacent states. The relationships between the water status of plant 
communities and soil moisture status are modified by atmospheric demand. 
This results in a dynamic equilibrium between the soil, the plant, and 
the atmosphere. When drought reduces yield through reduction of both 
photosynthesis and growth, little can be done unless irrigation facili­
ties are available. Methods have been investigated to lessen the severity 
of drought by using differenc cultural practices. Numerous researchers 
have investigated methods by which the degree of drought can be measured 
and evaluated with respect to yield reduction. Many of these methods are, 
however, time consuming and they are limited with respect to the size of 
the area which can be effectively evaluated. 
Recent research has indicated that moisture stress may be monitored 
and evaluated by remote sensing techniques. Basically, these techniques 
monitor reflected and emitted radiation from plant communities utilizing 
airborne sensors. The most significant advantage of remote sensing tech­
niques is that the remotely collected data can encompass large areas. The 
data evaluation is aided by the use of high speed computers. 
On the basis of these techniques, research was planned and conducted 
to investigate the feasibility of remote detection of moisture stress. 
The objectives set forth were; 
1. Determine the relationships between the spectral properties 
of individual leaf samples and various leaf parameters for 
three crop species in laboratory studies. The wavelength region 
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of interest was between 400 and 2,600 mji. Special emphasis 
was given to the influence of leaf water content on the spec­
tral properties of the leaves, 
2. Determine relationships between the reflected and emitted radiant 
energy in three selected wavelength regions and the moisture 
status of two soybean varieties under field conditions where 
moisture stress could be controlled. The three wavelength 
regions were 400 to 700 mji (visible), 500 to 900 my (visible and 
near infrared), and 8 to 12 ji (thermal infrared). Environmental 
variables which affected the radiant energy emitted in the thermal 
infrared were examined. 
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II. REVIEW OF LITERATURE 
Drought is often a factor in yield reduction even when little or 
no visible drought damage is apparent. Drought, as defined here, is 
any combination of physical factors of the environment producing suffi­
cient internal water deficits in plants to limit photosynthesis and 
growth. Even though drought is frequently a threat to crop production in 
Iowa, as well as in other states, detection of drought onset and develop­
ment has not been satisfactorily developed. Although relatively little 
can be done once drought injury occurs, except through irrigation prac­
tices, different management practices offer possibilities of reducing 
the drought injury. Present techniques of soil moisture measurement and 
drought evaluation are too time consuming to permit simultaneous evalua­
tion of a large number of different practices. Measurement and analysis 
of the intensity of different wavelengths of radiant energy emitted or 
reflected from plants may be a possible technique for predicting water 
deficits in plants. This technique is referred to as "remote sensing", i.e. 
determining a characteristic of a target without physically having contact 
with the target. 
In order to understand remote sensing the electromagnetic spectrum 
must be understood. Figure 1 taken from Hoffer and Johannsen (1969) il­
lustrates a portion of the electromagnetic spectrum and the types of 
sensors used in different wavelength regions. In the electromagnetic 
spectrum all energy moves with the constant velocity of light in a 
harmonic pattern. The energy associated with a given wavelength is de­
fined as 
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Figure 1, Portion of the electromagnetic spectrum 
100 
5 
E = h>r (1) 
where 
h = Planck's constant 
-f = frequency 
Wavelength and frequency are related by 
c =sr h ( 2 )  
where 
c = velocity of light 
= wavelength 
Thus, in the electromagnetic spectrum, the short wavelengths are asso­
ciated with more energy than the longer wavelengths. As energy interacts 
with matter, mass and energy are conserved according to basic physical 
principles. The electromagnetic energy can interact with leaf material 
by any of the following mechanisms; (1) transmission through the leaf 
material, (2) reflection and scattering from the leaf material, (3) ab­
sorption by the leaf material with conversion to heat, or (4) emission 
by the leaf material. 
Remote sensing is a relatively new area which has been applied to 
agriculture only recently. It has evolved mainly through technological 
advancements in detection devices and high speed computers. Remote 
sensing devices collect energy that is reflected or emitted from a target 
(e.g. a corn field). Because targets vary in their spectral response, 
with respect to the electromagnetic spectrum, they may be detected and 
identified on the basis of their spectral response. The spectral response 
differences between targets may be in any detectable region (e.g. ultra-
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violet, visible, infrared, microwave, or radar) depending upon the type 
of targets and their physical characteristics, 
A list of potential agricultural applications for remote sensing tech­
niques is summarized by remote sensing personnel at the Purdue Agri­
cultural Experiment Station-.,(1968, pp. 146-158), In addition, the feas­
ibility of achieving each potential application is categorically listed 
with explicit difficulties noted. MacDonald and Landgrebe (1967) present 
an extensive list of the potential economic benefits which may be realized 
by remote sensing techniques, providing that they can be developed. 
Remote sensing techniques can theoretically collect reflected or 
emitted radiant energy in as many different wavelength regions as are 
physically possible to handle. The use of more than one wavelength is 
referred to as multispectral remote sensing. To a point, this increases 
the probability that different targets can be separated by proper inter­
pretation of the spectral response of the target. To illustrate this 
principle refer to Table 1, taken from Hoffer et al. (1966). Two photo­
graphs were obtained in two different portions of the electromagnetic 
spectrum. By using two levels of classification of response (either high 
response or low response), one could differentiate up to four different 
objects, as described in Table 1. 
Table 1. Object differentiation according to coded spectral response 
Object 
Photo 1 Photo 2 
Reflectance or Total response 
A high high 
B high low 
C low low 
D low high 
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While this analogy grossly over-simplifies what is observed in nature, the 
basic principles are the same. Colwell (1967) gives an excellent example 
of photo-interpretation using the response in two wavelength regions, the 
visible and the thermal infrared. In this example, different grasslands 
in a particular ecosystem exhibited the same response in visible wave­
lengths; therefore, they were inseparable. When a thermogram of the same 
area was examined, the grasslands of interest were easily differentiated. 
Generally, many narrow wavelength bands of radiation are sensed and 
recorded using a variety of devices. Examples of this would be the use 
of different photographic films with different filter systems or elec­
tromechanical scanners with various detector elements which are linked 
to electronic tape recorders. Kinsman (1965) gives a review of the vari­
ous sensors available for different wavelength regions. 
The problem is to determine the spectral signature of particular 
targets to use for comparisons with data sensed from unknown targets. 
Holter, as reported in News Report (1970, February, p. 3), states that, 
"the pacing item, for the moment, appears to be knowledge of signatures 
and their amounts and modes of variation due to natural causes. The sig­
nature -- the distinctive electromagnetic pattern that a scanning detector 
picks up from a discrete object or life-form — is at the heart of the 
technology of remote sensing." Numerous investigators are presently ex­
amining the spectral signatures of various targets by measuring radiant 
energy that is reflected or emitted from the target. In addition, passive 
radar and microwave signatures are being studied. These data are them 
combined with extensive ground truth data concerning the target. Thus a 
spectral signature is gi: m for a particular target and this signature is 
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recorded for use with regard to later data interpretation of unknown 
targets. It is hoped that by studying many such patterns for each crop 
and soil condition of interest, one may establish a consistent and pre­
dictable characteristic pattern, capable of quantitative expression of 
known statistical reliability (Hoffer et 1966), Examples of the 
various methods used in pattern recognition techniques are given by the 
Purdue Agricultural Experiment Station ( 1967, pp. 44-47) and by the 
Purdue Agricultural Experiment Station (1968, pp. 117-145). It can 
readily be seen that high speed computers are necessary to handle and 
process such information as numerous spectral signatures are received. 
It should be emphasized that because of the immense variety of 
nature, the response at a given wavelength from a target must be carefully 
interpreted. 
It is stated by the Purdue Agricultural Experiment Station (1967, 
p.13) that the primary crop variables within a species which will affect 
the measured response appear to be (I) variety, (2) relative maturity at 
any given date throughout the growing season (as influenced by planting 
date, soil, and variety), (3) geometry of the crop, which involves several 
factors such as plant height and growth characteristics, population 
density and planting configuration, lodging, and other crop characteris­
tics, (4) cultural practices, such as tilling of the soil, irrigation, 
fertilization and spray treatments, and harvesting, and (5) soil type 
and associated characteristics, such as color, texture, and moisture 
content of the surface soil. The key to a remote sensing system for crop 
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identification appears to be in obtaining data at the proper periods of 
crop development, and at intervals throughout the growing season. No 
single flight during the growing season will suffice for identification 
of all crop types of interest. 
Colwell (1967) feels that remote sensing techniques should be con­
sidered as complementary to, rather than competitive with, the time-honored 
techniques that involve direct on-the-ground observations. In fact, 
Colwell (1966) speaks directly to the problem of uses and limitations 
of multispectral remote sensing by use of both specific examples and 
analytical discussions concerning the various factors governing remote " 
sensing. 
As stated previously, the basis for remote sensing is that different 
targets respond differently to radiant energy of different wavelengths. 
In addition, within a given target (e.g. a corn field) physiological 
stresses, such as moisture stress, nutrient deficiency, or soil salinity, 
change the normal response. Thus, if a change in the normal response is 
monitored by a remote sensing technique, it may be possible to correct 
the physiologic stress or to predict the result of the physiologic stress 
in terms of yield reduction. Colwell (1967) reports that plant vigor can 
be recognized on infrared film, usually better than any other kind of 
film, since the first plant response to physiologic stress is a reduction 
in the plants infrared reflectance. It should be noted that numerous 
variables associated with the taking and developing of the pictures affect 
tonal response. Some of these variables are (1) past and present weather 
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conditions at the time the photos were taken, (2) time of day, (3) photo­
graph angle, and (4) instrumentation variables. Fritz (1967) and Tarking-
ton and Sorem (1963) discuss methods for using infrared-sensitive color 
films, A comprehensive and illustrated review of infrared film is given 
in Applied Infrared Photography by the Eastman Kodak Company (1968), and 
also, in Gibson et al. (1965). 
Knipling (1967) presents an excellent review of the physical and 
physiological reasons for differences in reflectance of healthy and un­
healthy plants. Special emphasis in this paper is given to spectral 
changes in the photographic infrared (500-900 mji). Numerous examples of 
the use of both regular color and infrared color detection of diseases in­
fecting agriculture and forestry plants can be found in recent literature 
(Manzer and Cooper 1967, and Norman and Fritz 1965). Infrared detection 
of diseases in forestry is particularly useful because of the vast and 
inaccessible acres that must be examined. In addition, diseases which 
infect the upper portions of forest canopies are sometimes not detectable 
from the ground. Other examples are given in recent literature (Florida 
Department of Agriculture 1969),. Estimates of crop yields have 
also been discussed with regard to remote sensing (Thomas £l, 1967), 
The film response of cotton plants as influenced by soil salinity is also 
discussed in this reference. 
The problem which this thesis investigates is the possibility of 
remotely detecting moisture stress in crop communities. A physical basis 
for this hypothesis has been given by numerous researchers. Leaf reflec­
tivities in the wavelength region from 800 to. 2,600 mji have been related to 
leaf water content in various crop, and forestry species (Olson 1969, Carlson 
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1969, Thomas et al. 1967, Sinclair 1968). The most highly correlated rela­
tionship between leaf reflectivity and leaf water content is observed in the 
wavelength region from 1,400 to 2,600 mp. This results from this wavelength 
region being dominated by strong water absorption bands, whereas the wave­
length region between 800 and 1,300 mp is little affected by either leaf pig­
ments or leaf water. In the 800 to 1,300 mp wavelength region leaf structure 
seems to play an important role with regard to leaf reflectivities. A litera­
ture review which includes some of the very early foreign research on the 
optical properties of leaves is given by Myers and Allen (1968). The inter­
action of radiant energy with leaf material is discussed by numerous research­
ers (Gates £t al_. 1965, Gausman et al. 1970, Allen et al^. 1970a,b). 
Visible reflectivities are strongly affected by pigment absorption 
(Gates £t al. 1965). The visible appearance of crops has been related to 
moisture stress (Burman and Painter 1964, Slatyer 1967, Dadykin and Bedenko 
1960) and is based on such factors as pigment degradation, slowdown of metab­
olic rates, or induced early senescence resulting from moisture stress. Struc­
tural canopy changes resulting from moisture stress may also be involved. 
The remaining wavelength region, which has been related to moisture 
stress in plants, is the thermal infrared (8 to 12 p). Moisture stress 
has been related to this wavelength region because of leaf temperature 
changes resulting from the reduced transpiration rate of the stressed 
plants (Tanner 1963). As defined by the Stephan-Bo1tzmann radiation law, 
the energy reradiated by a leaf is a function of its temperature and 
emissivity. According to Wien's displacement law, the maximum reradiated 
energy from the leaf is in the thermal infrared near 10 p. The problems 
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and techniques associated with infrared thermometry are discussed in 
Fuchs and Tanner (1966), Idso ahd Jackson (1968), Idso £t ad. (.1969), 
Jackson and Idso (1969), and Conaway and van Bavel (1966). 
Some of the early researchers reported that transpiration of leaves 
was of little importance with regard to leaf temperatures (Ansari and 
Loomis 1959). Glum (1962) showed that air movement caused sudden drops 
in temperature of sunlit leaves, even when transpiration was minimal. 
Other researchers have observed that other heat transfer mechanisms were 
more important than transpiration. Idso and Baker (1967) reported that 
reradiation transfers approximately twice as much heat as convective or 
transpirational processes. Gates (1964), using energy balance equations, 
gives a graphical solution for the transfer of heat from the leaf through 
convective, transpirational, and reradiative mechanisms. This is an ex­
cellent paper based on well founded physical principles. Gates states 
that transpiration is extremely important to a plant as a means of keeping 
the temperature of the fully sunlit leaves below the lethal limit, A 
small amount of transpiration can mean a difference of several degrees 
in plant temperature, which may mean the difference between survival and 
thermal death. He points out that the relative importance of transpiration 
or convection will vary under different environmental conditions. For 
example, wind speed has a more marked effect upon forced convection than 
transpiration. Forced convection can be a very powerful cooling factor 
for a leaf. Slatyer and Bierhuizen (1964b) report that a reduction of 
50% in transpiration is associated with an increase of leaf temperature 
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over air temperature of about 4°C, and that complete inhibition of trans­
piration would be expected to give a difference of 8-9°C, A strong de­
pendence of transpiration on boundary layer resistances is reported by 
Slatyer and Bierhuizen (1964a) under low wind conditions and high light 
intensities. They observed that stomatal resistance to transpiration was 
more dominant than the boundary layer resistances under higher wind 
speeds and low light intensities, 
Drake et al. (1970) examined the effects of air temperature, humidity, 
and wind speed upon leaf temperature and transpiration. He concluded that 
leaf resistances decreased with increasing air temperature. In addition, 
the relationship between air temperature and leaf resistances were dif­
ferent depending upon humidity. Drake observed that at constant air tem­
perature, leaf resistances were higher in dry, than in moist air. He con­
cluded that transpiration varied less than would have been expected on 
the basis of the water-vapor pressure difference between the leaf and 
the air. Stâlfelt (1962) reported that stomatal opening of Vicia faba 
increased with rising temperature up to about 45°C where a decrease in 
stomatal opening occurred. Van Bavel and Ehrler (1968) observed high 
transpirational cooling of leaves when air temperature was around 38°C. 
Leaf temperatures were several degrees below air temperature, and stomatal 
resistances were found to be very low in an irrigated sorghum crop, 
Wiegand and Namken (1966) reported on the influences of plant moisture 
stress, solar radiation, and air temperature on cotton leaf temperature. 
Their data showed that a decrease in relative turgidity from 83 to 59% 
resulted in a 3,6°C increase in leaf temperature. A unit increase in 
14 
solar radiation (from 0.5 to 1.5 ly per min) increased leaf temperature 
9 to 10°C. They concluded that plant moisture stress significantly af­
fected leaf temperature, but that solar radiation must be carefully 
monitored with respect to its influence on plant temperatures, Denmead 
(1966) gives an excellent treatment of the energy balance both for in­
dividual leaves and for entire canopies. He presents theoretical equa­
tions in terms of heat and vapor fluxes and resistances which enable 
the net radiation of a leaf to be partitioned between latent and sensible 
heat transfer. 
Much of the research just reported has been related to the temperature 
of individual leaves, A remote sensor would view the entire canopy, and not 
just individual leaves, therefore this point must be considered. Olson 
(1969) using a thermal line-scanning system in the 8-14 |i region, was 
able to detect physiological stress in pure oak stands from daytime imagery. 
These trees were girdled one week before the thermal sensing to induce 
physiologic stress. In another plot that was comprised of a mixture of 
oak and maple, only the oak trees could be detected with respect to stress. 
The maple trees showed no apparent change when compared with healthy trees 
adjacent to the plot. Myers and Allen (1968) show thermograms obtained 
with a Barnes infrared camera during a study of diurnal plant canopy 
temperature changes in small, differentially irrigated cotton plots. 
Definite differences were observable in the thermographs and in the 
measured leaf temperatures, Colwell and Olson (1965) discuss in detail 
thermal infrared imagery and its use in vegetation analysis by remote 
sensing. They point out that thermal infrared imagery has a great potential 
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value and suggest that it should be used with imagery obtained from other 
wavelength regions. Gates (1965) notes that one of the most difficult 
factors to evaluate, in terms of the energy balance of a crop canopy, 
is the crop geometry. He concludes that the spectral properties of 
plants and soils may be combined with the crop geometry to obtain a 
quantitative estimate of the amount of energy received by multiband 
sensors. 
Brown £t a^. (1970) measured the temperature of an alfalfa canopy 
using both an infrared thermometer and thermocouples. The infrared 
sensor was positioned 2 meters above the crop surface. No statistical 
differences in the measured canopy temperature could be detected when the 
height of the infrared sensor was varied between 0.5 and 2.0 meters above 
the crop surface. The infrared sensor was attached to a trolley so that 
different parts of the alfalfa field could be scanned. Results of dif­
ferent scanning runs were very consistent, when the infrared sensor viewed 
a uniform, dense alfalfa canopy. There was, however, some scatter between 
the surface temperature, as measured with the infrared thermometer, and 
the surface temperature, as measured with the thermocouples, when randomly 
selected data points were selected from measurements taken over a two 
week interval. They concluded that infrared thermometry has potential 
applications in évapotranspiration research, but that additional refine­
ments in experimental technique are required. 
According to David (1969), difficulties in the remote detection of 
water deficits are largely due to inherent characteristics of the object 
being sensed. The complex crop geometry, variation in crop radiation and 
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climatic environment, the incidence of disease, soil nutrient deficiencies, 
and other factors all contribute to the complexity of the problem. He also 
points out that before more definite statements can be made concerning 
the remote detection of moisture stress, it is essential that further 
studies be made to answer the basic problems associated with the inter­
pretation of remotely sensed data. 
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III. EXPERIMENTAL METHODS 
A. Laboratory Experiments 
The reflectivity and transmissivity of leaf samples were measured be­
tween 400 and 2,600 my relative to freshly prepared MgO standards using 
a Beckman DK-2A ratio-recording spectrophotometer with a reflectance at­
tachment, A black backing was placed behind each leaf sample during the 
measurements of reflectivity to avoid contributions to the reflectivity 
from the background (Goerge and Lim per is 1966). Absorptivity was cal­
culated from the equation 
A;^= 1 - (R^+T^). (3) 
Fully expanded corn, sorghum, and soybean leaf samples were collected 
from field plots. To investigate the relationship between the spectral 
components, reflectivity and transmissivity, and relative leaf water 
content (RWC), several leaf samples were floated on distilled water to 
attain high values of RWC, The remaining leaf samples were allowed to 
dry artificially during the spectral measurements. Three leaf disks of 
known area were punched fron each leaf sample immediately after the spec­
tral measurements. The leaf mid-rib was avoided. RWC was determined 
using the method described by Barrs and Weatherley (1962). The disks 
were placed in air-tight polystyrene vials and weighed. After completion 
of the measurement of the spectral components for all leaf samples, the 
leaf disks were floated on distilled water under an illumination of 65 ft-c. 
Because of differences in the rate of water uptake by floating leaf disks, 
18 
soybean leaf disks were floated for 2^ hours and corn and sorghum leaf 
disks for 4 hours. After these specified time periods, the leaf disks 
were removed from the distilled water and blotted with absorbent paper 
until the sheen from the leaf was removed. They were then placed in the 
vials and weighed. The friction caps were removed and the vials were 
placed in a forced-draft oven at 65°C overnight. The vials were again 
weighed the following morning. RWC was calculated from the expression 
where 
FW = leaf sample plus vial weight at the time of the spectral 
measurements 
DW = leaf sample oven dry weight plus vial 
TW = leaf sample turgid weight plus vial 
By knowing the area of each leaf disk specific dry weight density 
(SDWD) and specific water density (SWD) could be calculated (note; both 
2 
values are expressed as mg/cm ). The SWD was determined by subtracting 
DW from FW at the time of the spectral measurement and dividing this weight 
by the surface area. Similarly, DW adjusted for the vial weight, was 
divided by the surface area to obtain SDWD. A table list of symbols 
is given in the beginning.of this thesis. 
Maxima and minima values of the reflectivity curve at specific 
wavelengths in the spectral range 650 to 2,600 mp were selected for the 
spectral studies. These are indicated by arrows along the abscissa of 
Figure 2. In addition, the area under each reflectivity and trans-
missivity curve in the wavelength intervals 1,000-1,500 mp, 1,500-2,000 mp. 
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Figure 2. Transmissivity, reflectivity, and absorptivity plotted versus 
wavelength for a turgid corn leaf in the wavelength region 
from 650 to 2,600 mjj 
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2,000-2,500 mp, and 1,000-2,500 mp was planimetered to examine the rela­
tionship between the spectral components over wide wavelength intervals 
and RWC. The relationships between the leaf spectral properties and the 
leaf parameters, RWC and specific densities, were examined using multiple 
regression techniques (Ostle 1966, Draper and Smith 1966), 
B. Field Experiments 
1. Cultural practices and experimental design 
'Provar' and 'Hark' soybeans were planted on May 14, 1969 in 196 
potometers (20-gallon garbage cans) within the confines of a moveable-
weather shed which sheltered the experimental plot during times of rain­
fall. The design and layout of this weather shed is fully described by 
Laing (1966) and also by Claassen (1968). Hark and Provar were chosen 
for this experiment because of their respective growth habit differences. 
Hark is a variety which is adapted for narrow rows because of its erect 
type canopy structure. Hark also has smaller more pointed leaves than 
Provar. Provar has very large and floppy leaves and it does not have 
the erect type canopy structure which Hark possesses. Complete descriptions 
of both.Hark and Provar are given by Weber (1967) and Fehr and Clark (1969). 
Before planting, the soil in each potometer was loosened and fertilized 
with approximately 50 lb per acre of actual and KgO. Sixteen seeds 
were planted per potometer on May 14. On June 17 each potometer was 
thinned to twelve plants. Periodically throughout the season the plants 
were sprayed with Malathion for insect control. The plants were adequately 
watered until the moisture stress treatments were imposed. This was done 
so there would be no effect of previous moisture stress on the experimental 
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plants. The basic design of the experiment required that the two varie­
ties be planted side-by-side in fourteen groups, each consisting of eight 
potometers. The experimental layout is given in Figure 3, Placement of 
the varieties within a group followed a random procedure. 
The planned experimental procedure was to start data collection in 
late July by randomly selecting one group each day and allowing that group 
to dry down over subsequent days. Each group consisted of eight poto­
meters. Two sets of four potometers in each group contained either Hark 
or Provar soybeans as is shown in Figure 3. The remaining groups not 
under study remained well watered. Physical limitations due to the col­
lection of soil moisture data required this procedure to be followed un­
til five groups were examined each day. By following this procedure the 
five groups examined each day represented a full range of available soil 
moisture. The original plan was to conduct the experiment for fourteen 
days; however, due to excessive lodging of the soybean plants, data col­
lection was terminated after nine days. 
2. Measurement procedures 
The purpose of this experiment was to investigate the relationships 
between plant moisture stress and reflected and emitted radiant energy 
in three wavelength regions. The wavelength regions investigated were 
400 to 700 mji (visible), 500 to 900 mp (near-infrared), and 8 to 12 p 
(thermal infrared). The reflected radiant energy was measured indirectly 
by taking pictures of the soybean canopy using both regular color, high­
speed Ektachrome 35 mm film and infrared 35 ram film (no, 8443) filtered 
with a no. 12 Wratten filter for the visible and the near-infrared 
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wavelength regions, respectively. The regular color film was not filtered. 
The pictures were taken with two identical Minolta Hi-Matic 9 cameras 
from a fourteen-foot ladder directly above the soybean canopy beginning 
at 1200 CST each day. Proper exposures using the infrared film were ob­
tained by first determining the correct exposure using the camera-contained 
electric eye and then taking four extra exposures in ^  step f-stop increments 
(Charles Deutsch, Private communication). These exposures were bracketed around 
the initial camera scttiag; Two extra exposures were taken with the Ektachrome 
film, ^  f-stop on both sides of the electric eye setting. The exposures 
representing each group used in the final analysis were visually selected 
from each set (e.g. five exposures per group for the infrared film and 
three exposures per group for the Ektachrome film) by making visual com­
parisons within each group. The slides were placed on a light table to 
facilitate comparisons. The selected exposures were analyzed by relating 
film density, as measured with a Densichron densitometer, to the measured 
degree of moisture stress. 
Immediately following the camera work, leaf temperatures (T^) were 
measured with a Barnes infrared thermometer (thermal infrared). The 
sampling procedure was such that within each group of eight potometers 32 
Tl measurements were taken by positioning the infrared thermometer normal 
to and approximately 8 cm away from randomly selected, fully expanded, 
uppermost leaves in direct sunlight. The T^ measurements were not ad­
justed because the calibration curve generated using the procedure 
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described by Stevenson (1969) followed a 1:1 relationship (Figure 4). 
No correction for leaf emissivity was made since Stevenson (1969) and Idso 
_et^ ( 1969) have shown the emissivity of most crop leaves to be between 
0.95-0.98. Monteith and Szeicz (1962) and Gates et al. (1965) estimate 
that assuming emissivity to be 1.0 may cause errors of at most 0.2°C. 
Two RWC samples were taken per potometer following the measure­
ments. The procedure for determining RWC was similar to that previously 
described in the laboratory experiments section. The only difference 
was that a leaf strip sample located midway between the base and the tip 
of the leaf was used instead of the leaf disk sample. 
Air temperature (T^) and wet-bulb depression were measured approxi­
mately 15 cm above the canopy, using a shielded-aspirated psychrometer. 
Both daily evaporation and evaporation during the sampling period (ap­
proximately 1^5-2^ hours) were measured with a Class A-Weather Bureau 
evaporation pan located adjacent to the experimental plots on a grass-
covered area. Daily radiation was measured with an Epply pyrheliometer 
located on top of the Agronomy building approximately one mile N-NW of 
the experimental plots. Daily wind movement and wind movement during the 
sampling period were measured with a three-cup anemometer attached to the 
evaporation pan support. 
In the morning prior to the data collection period, soil moisture 
was measured using a neutron, soil-moisture probe. The probe was inserted 
into the soil through access tubes positioned in the middle of each 
potometer. Soil moisture tension (SMT) was obtained from a water retention 
curve for Nicollet silt loam (Laing 1966). A summary of the major weather 
variables monitored in this experiment are given in Table 2. 
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Figure 4. Water temperature as measured with the infrared thermometer 
plotted versus water temperature as measured with a 
standard thermometer (The resulting regression equation, 
correlation, and standard deviation are given) 
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Table 2. Environmental variables measured on the nine days of this 
experiment 
, . , 1 2 3 4 5 6 7 8 9 
Variable 
Air temp.^ 85.5 83.0 79.7 78.0 77.0 79.5 80.5 86.0 80.5 
Windb 4.0 4.2 2.0 2.1 2.0 2.9 2.4 5.3 4.2 
Evaporation^ .018 .023 .022 .011 .042 .013 .009 .011 .021 
Vapor pressure 
deficit^ .107 .102 .143 .115 .090 .141 .053 .079 .140 
Radiation® 445.8 583.0 516.0 603.0 596.5 415.0 471.0 544.0 566.0 
aop , 
^Miles per hour . 
^Inches per hour, 
^Inches of Hg. 
®Langleys per day. 
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m . RESULTS AND DISCUSSION 
A. Laboratory Experiments 
Absorptivity, reflectivity, and transraissivity values relative to 
MgO in the wavelength region from 650 to 2,600 were shown in Figure 2. 
The very marked decrease in absorptivity in the wavelength region from 700 
to 1,300 mji was caused by the decrease in the absorption of incident 
radiant energy by both leaf pigments and leaf water. Water absorption 
bands are evident at 1,450, 1,950, and 2,600 mji. Reflectivity and trans-
mi s s ivity both follow similar patterns as they increase or decrease when 
absorptivity decreases or increases. This figure indicates that leaf 
transmissivity is larger for most wavelengths than reflectivity; this 
pattern can, however, be reversed with other leaf types, All green leaves 
will exhibit this same general pattern, although the magnitudes of the 
response at particular wavelengths may be different. 
The relationship between RWC and leaf reflectivity at wavelengths 
1,950 rap and 2,200 mp for sorghum is presented in Figure 5. With the ex­
ception of the one leaf sample which was intentionally dried to a very low 
level of RWC, the data points presented in Figure 5 are in the range of 
physiological significance, Olson (1969) presented reflectivity-moisture 
content data for sycamore and yellow poplar leaves which showed similar 
patterns. Deviations about a line fitted to these data are not entirely 
due to experimental error. Inclusion of a specific dry weight density 
term (SDWD, mg/cm^) in the regression equation reduces variability sig­
nificantly. 
It should be cautioned that leaf specific density terms are not, 
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however, all inclusive for describing leaf thickness. Other leaf param­
eters, particularly structural stage of development and structural changes 
due to environmental stresses, may well influence the spectral response, 
but leaves may still have similar specific densities. Specific densities 
were used in this study because of the ease with which they could be ob­
tained. In a separate experiment SDWD of fully turgid leaf disks was 
compared to a) dry weight densities (DWD)q of the same leaf disks, b) 
(SDWD)l of entire leaves, and c) (DWD)^ of entire leaves. (Note; the 
dimensions of SDWD and DWD are mg/cm^ and mg/cm^, respectively.) The 
third dimension necessary to obtain the volumetric measure was obtained 
using a micrometer equipped with a tension rachet. The tension rachet 
allowed the same amount of pressure to be applied to each leaf sample during 
the thickness measurement. This is important because soybean leaves are 
very pliable. 
Leaf outlines were traced for each leaf sample and the outlines were 
planimetered to obtain the surface area measurements. The results of this 
experiment are given in Table 3, where the three leaf thickness parameters 
are regressed on SDWD, SDWD was significantly related to the other leaf 
thickness parameters in all cases. It appears that SDWD is a better esti­
mate of (SDWD)^, but some variability is not accounted for. This is not 
unexpected because of structural differences between leaf samples result­
ing from environmental stresses and leaf age differences. 
The importance of leaf density is illustrated in Figure 6, where 
the relationship between leaf transmissivity and RWC for sorghum at wave­
lengths 1,950 mfi and 2,200 mp is presented. Compared with average values 
of SEWD, high and low values exhibit a characteristic trend. That is, 
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Table 3. Regression analyses of three leaf thickness parameters re­
gressed on specific dry weight density (SDWD, mg/cm^) of fully 
turgid soybean leaves (the subscripts, L and DK, refer to 
entire leaves and leaf disks, respectively; DWD refers to dry 
weight density (mg/cm^)) 
R Sy_x Regression equations 
0.75 0.51 (SDWD)^ = 0.43 + 1.06 SDWD** 
0.48 27.18 (DWD)l = 113.06 +32.18 SDWD 
0.72 14.01 (DWD)gK =91.36+27.43 SDWD 
All terms significant at the 17» level of probability. 
high (low) values of SDWD correspond to low (high) values of transmissivi-
ties. Physically, this is reasonable from Beer's law considerations, since 
larger amounts of leaf material would be expected to attenuate more of 
the incident radiant energy. These relationships were also exhibited by 
corn and soybean leaf samples. The differences in SDWD are more evident 
in Figure 6 than in Figure 5 because transmissivity appears to be more 
sensitive to SDWD differences than is reflectivity. In an associated ex­
periment, leaf reflectivity and transmissivity were measured for soybean 
leaves with varying SDWD. RWC was relatively constant. It can be seen in 
Table 4, where both reflectivity and transmissivity are regressed on SDWD 
at four wavelengths, that transmissivity is more sensitive to SDWD dif­
ferences than is reflectivity. 
Multiple regression analysis was employed to evaluate significant re­
lationships between leaf spectral properties and specific leaf parameters 
(e.g., RWC and specific leaf density). RWC was significantly related to 
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Table 4, Reflectivity and transmlssivity relative to MgO at four differ­
ent wavelengths regressed on specific dry weight density (SDWI), 
mg/cm^) for soybean leaf samples 
Wavelength (my) ^ Regression equation 
1100 0.61 1.25 7oR 39.15 + 1.81 (SCWD)** 
1100 0.66 1.89 7oT 62.02 - 3.06 (SDWD)** 
1450 0.00 2.13 %R 23.24 - 0.14 (SDWD)/ 
1450 0.86 1.88 %T 47.78 - 5.42 (SDWD)** 
1950 0.00 1.09 %R 09.29 - 0.01 (SDWD)/: 
1950 0.83 1.95 7,T 27.67 - 5.07 CSDWD)** 
2200 0.00 2.56 25.07 + 0.26 (SDWD)/ 
2200 0.58 4.25 7oT = 57.64 - 5.80 (SDWD)** 
'^Significant at the 1% level of probability. 
/Non-significant at the 5% level of probability . 
reflectivity for all species at these four wavelengths. With the excep­
tion of the wavelength at 1,100 mp, RWC accounted for more than 80% of 
the variability in leaf reflectivity measurements for all species investi­
gated. SDWD added a significant contribution to the regression analysis 
for all species except corn. These results are given in Table 5 for the 
three species examined in this experiment. The interaction term was oc­
casionally significant although the relationship with wavelength was com­
plex. The significance of the interaction term implies that leaf reflec­
tivity does not react to RWC the same for leaves with differing SDWD. 
In other words, if leaf reflectivity was plotted versus RWC for leaves 
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with different thicknesses, the slopes of the lines would differ. This 
may be understood by considering the path length of radiation within the 
leaf. The path length of thicker leaves would increase more than the path 
length of thinner leaves as the leaf samples become less turgid. Radiation 
would penetrate further, thus allowing greater opportunity for the radia­
tion to be either scattered or absorbed by the leaf. Structural differ­
ences in cell orientation, shape, or size of leaves for differing SDWD may 
also be important. 
Table 5, Reflectivity relative to MgO at four wavelengths for three 
species regressed on relative leaf water content (RWC), specific 
dry weight density (SDWD), and the interaction term (NS refers to 
non-significant at the 5% level of probability in Tables 5 through 9) 
Wave- Regression terms 
Species length (mp) R^ S RWC SDWD RWC x SDWD y 
Corn 1100 0,80 1.20 ** NS*^ NS 
1450 0.94 0.90 ** NS NS 
1950 0,94 0,40 ** NS * 
2200 0,94 0,90 ** NS NS 
Soybeans 1100 0,76 1.20 ** NS NS 
1450 0.97 0,80 ** ** ** 
1950 0,93 0.70 •k* **- ** 
2200 0,92 1.20 ** ** * 
Sorghum 1100 0,83 1.30 ** ** ** 
1450 0,96 1.10 ** * * 
1950 0,96 0.80 ** ** NS 
2200 0.94 0.90 ** NS ** 
^^Significant at the 1% level of probability. 
/ Non-significant at the 57» level of probability, 
^Significant at the 57, level of probability. 
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SWD, singly, was more highly correlated with leaf transmissivity and 
absorptivity than either RWC or SDWD, Therefore, SDWD was replaced by 
SWD in the regression equation, both for transmissivity and absorptivity. 
With the exception of wavelength 1,950 mp, the resulting correlations of 
RWC with transmissivity for all species were lower and more variable than 
the reflectivity or the absorptivity data. Carlson (1969) related the 
simple correlations between RWC and leaf transmissivity at a specific wave­
length to the intensity of the interaction between leaf materials and 
electromagnetic energy of these wavelengths. Higher correlations between 
RWC and transmissivity were observed at wavelengths where either scatter­
ing or absorption processes dominated. 
Multiple regression analyses of transmissivity regressed on both SWD 
and RWC (Table 6) showed that RWC was significant for nearly all wave­
lengths and all species examined in this experiment after SWD was in the 
regression equation. The significance of the RWC term must be associated 
with increased reflectivity from inner surfaces of less turgid leaf samples. 
The decrease in SWD associated with less turgid leaf samples does not ac­
count for all the variability in measured leaf transmissivity. A similar 
relationship existed for absorptivity, as evidenced by the significance of 
the RWC term in Table 7 where absorptivity is regressed on both SWD and 
RWC. Generally, the relationships between absorptivity and the measured 
leaf parameters were much better than for the transmissivity data. The 
low correlations obtained for the wavelength at 1,100 mp, however, result 
from two factors. First, in this wavelength region* absorptivity is very 
small, and consequently, resolution is poor. Secondly, absorptivity was 
calculated from Equation 3 using the measured values of reflectivity and 
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Table 6. Transmissivity relative to MgO at four wavelengths for three 
species regressed on specific water density (SWD, mg/cm^) 
and relative leaf water content (RWC) 
Species Wavelength (mp) R^ Regression 
SWD 
terms 
RWC 
Corn 1100 0.75 1,35 îWf NS/ 
1450 0.67 1,40 ** Vf 
1950 0.90 0.65 •fric iris 
2200 0.46 1.87 ** NS 
Soybeans 1100 0.71 1.37 îhV iri( 
1450 0.66 1.27 •irit ** 
1950 0.82 0.74 iric îWV 
2200 0.54 1.75 >V iris 
Sorghum 1100 0.51 2,22 * icit 
1450 0.74 1,94 ** it 
1950 0.85 1.32 •kit NS 
2200 0.54 2.11 ** itit 
**Significant at the 17« level of probability. 
/ Non-significant at the 5% level of probability . 
^Significant at the 5% level of probability. 
transmissivity. Because the rates of change of both reflectivity and 
transmissivity at this wavelength with respect to RWC were nearly equal 
and opposite, no relationship between absorptivity and RWC would be expected. 
The data that have been presented indicate that RWC may be predicted 
from measurements of leaf reflectivity. Reflectivity, however, was af­
fected by SDWD differences so the interpretation of RWC-reflectivity 
measurements would be difficult if SDWD differences existed between 
samples. It was shown that transmissivity was very responsive to SDWD 
differences. Therefore, it might be possible to use both reflectivity and 
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Table 7, Absorptivity relative to MgO at four wavelengths for three 
species regressed on specific water density (SWD, mg/cm^) 
and relative leaf water content (RWC) 
Species Wavelength (mji) R2 Regression 
SWD 
terms 
RWC 
Corn 1100 0.51 0.99 NS / îWf 
1450 0.96 1.25 ** ** 
1950 0.98 0.52 ** ** 
2200 0.87 2.12 ** * 
Soybeans 1100 0.00 0.88 NS NS 
1450 0.94 1.55 icit NS 
1950 0.91 1.26 ** NS 
2200 0.90 1.61 ** * 
Sorghum 1100 0.00 1.09 NS NS 
1450 0.96 1.59 irk // 
1950 0.92 1.93 ** * 
2220 0.93 1.53 v'oV NS 
/ Non-significant at the 5% level of probability. 
'"^'Significant at the 17» level of probability, 
"Significant at the 57» level of probability, 
r/Significant at the 10% level of probability. 
transmissivity to estimate RWC. RWC was regressed on both reflectivity 
and transmissivity for all species at four wavelengths. The results of 
these analyses are given in Table 8. The regression equations predict RWC 
very well for all species, except in the wavelength of 1,100 mp. This 
exception cannot be explained, at present, but apparently structural 
différences between leaf samples affected reflectivity and transmissivity 
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Table 8, Relative leaf water content of three species regressed on re­
flectivity (%R) and transmissivity (%T) relative to MgO at 
four wavelengths 
Species Wavelength (mp) R2 Regression terms 
%T^ 
Corn 1100 0,80 6,64 ** NS'^ 
1450 0.97 2.72 îWf irit 
1950 0.98 2,17 VnV 
2200 0.91 4,26 îV* NS 
Soybeans 1100 0.76 6,41 ** NS 
1450 0,94 3.34 ** 
1950 0.88 4.68 icii NS 
2200 0.86 4.89 irk NS 
Sorghum 1100 0.50 11.64 in't NS 
1450 0.94 3.89 ** NS 
1950 0.93 4.35 ** NS 
2200 0.93 4.46 ** * 
''^'Significant at the 1% level of probability . 
^Significant at the 5% level of probability. 
/Non-significant at the 5% level of probability . 
more than RWC affected these properties, Transmissivity data made a 
significant contribution to the regression analyses; however, the degree 
of significance was variable with respect to wavelength. Additional re­
gression analysis using both the interaction terms between reflectivity 
and transmissivity and the quadratic reflectivity term provided signific­
ance to some wavelengths within all species. The affects of these terms, 
however, were minor compared to the main terms. 
Previous discussion has been concerned with the response at discrete 
wavelengths. The data suggest that a field spectrophotometer to measure 
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leaf water status could be constructed. Two factors must be considered 
in the development of such an instrument. First, the instrument must be 
sensitive enough to resolve the small, but highly significant, changes of 
reflectivity with respect to RWC. Previous analyses indicate a 4% change 
in reflectivity for a 10% change in RWC is the expected sensitivity. 
Second, measurements at small (e.g., 5oX) wavelength intervals would 
require either a spectrophotometer equipped with a monochromator or a 
narrow-band interference filter. In addition, extremely sensitive de­
tectors would be required. To avoid these problems, a wide-band response 
instrument would have to be used. To determine if a wide-band response 
could be used, the author integrated the area under both the reflectivity 
and the transmissivity curves for each sample and related the resulting 
data to RWC. The results are illustrated in Figure 7 for corn in the 
wavelength region from 1,000 to 2,500 m|i. Sorghum and soybean data 
yielded similar results. The regression analyses for the three species 
at four wavelength intervals are given in Table 9 where RWC is regressed 
on both the area under the reflectivity curve and the area under the 
transmissivity curve. A quadratic reflectivity term was also included in 
the regression equation. The area under the reflectivity and transmissivity 
curves, especially the area between 1,000 and 2,500 mp, was significantly 
related to RWC for all species investigated. A low standard error also 
was obtained. This is important, because it indicates very wide band 
filters could be used and, consequently, a stronger signal obtained. 
Bowers and Hayden (1967) have built and tested a field reflectometer 
to measure reflectivities. From previous discussion, however, it was shown 
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Table 9. Relative leaf water content of three species regressed on the 
areas under both the transmissivity (T^^) and reflectivity 
(Rah) curves in four wavelength intervals (a quadratic re­
flectivity term is included in the regression equation) 
Species Wavelength interval (mp) R^ S 
y.x 
Regression terms 
(RD"" 
Corn 1000-1500 0.93 4.06 -Wf NS/ irk 
1500-2000 0.98 2.01 ** NS ** 
2000-2500 0.95 3.58 iWc NS VfiV 
1000-2500 0.98 2.01 ** * ** 
Soybeans 1000-1500 0.93 3.45 * NS 
1500-2000 0.94 3.14 ** •kic NS 
2000-2500 0.91 4.03 ** irk NS 
1000-2500 0.94 3.17 •kic irlc NS 
Sorghum 1000-1500 0.94 4.14 iric idc iric 
1500-2000 0.96 3.46 ** * iiic 
2000-2500 0.89 5.63 I'oV it id' 
1000-2500 0.96 3.43 ** in't irit 
^Area under the reflectivity curve . 
^Area under the transmissivity curve. 
'^''Significant at the 1% level of probability , 
^Significant at the 5% level of probability. 
/'Non-significant at the 57» level of probability. 
that the reflectivity-RWC relationship must be qualified in terms of SDWD, 
if this leaf parameter is different among leaf samples. Carlson and Yarger 
(1971) have reported a spectral model with which leaf transmissivity can be 
obtained from two different reflectivity measurements. Final evaluation 
of an instrument used to measure leaf water status would require stringent 
field testing. In addition, it would be pertinent to examine the relation­
ships presented here using leaf water potential as the leaf water status 
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term. This would be an area for future study. 
B. Field Experiments 
Relative leaf water content (RWC) was used in this study as an in­
dicator of the moisture stress imposed on two varieties of soybeans. The 
relationships between RWC and SMT, as well as environmental factors have 
been well documented (Denmead and Shaw 1962, Laing 1966, Slatyer 1969, 
Shinn and Lemon 1968). Because the two varieties used in this experiment 
were quite different with respect to leaf size, leaf orientation, and 
canopy structure, comparisons were made between these varieties concerning 
their response of RWC and leaf temperature (T^) to both environmental 
variables and soil moisture tension (SMT), The following sections dis­
cuss these relationships with emphasis on RWC and Tj^. The analyses and 
discussion, except for variety comparisons given in the RWC section, are 
presented to show that these data reacted similarly to those reported by 
other authors. 
1. Relative leaf water content 
The relationship between RWC and SMT for both varieties is illus­
trated in Figure 8 for day 5 of this experiment. Regression analyses of 
RWC as a polynomial function of SMT are given in Table 10 for four days 
for each variety. These four days are described because the design of this 
experiment provided the widest range in SMT on these days. Table 10 sub­
stantiates two important points shown by Denmead and Shaw (1962) and Shaw 
and Laing (1966). First, a negative relationship exists between RWC and 
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Table 10. Relative leaf water content (RWC) of Hark and Provar soybeans 
regressed on both a linear and quadratic soil moisture tension 
(SMT) term for four different days 
Variety Day R2 Sy.x Regression equation 
Hark& 5 0.75 1.39 RWC = 91.33 - 1.86SMr**4-0.11(SMr^)* 
Provar 5 0.65 2.03 RWC = 88.69 - 1.39SMT:'nY+0.05(SMT^)* 
Hark 6 0.74 2.23 RWC = 93.15 - 2.42SMr**+0.13(SMr^)** 
Provar 6 0.81 2.02 RWC = 90.93 - 1.43SMr**+0.03(SMr^)/ 
Hark 7 0.92 1.12 RWC = 95.37 - 2.7 4SMT*^v+0,17 ( SMT 2 ) ** 
Provar 7 0.81 2.27 RWC = 94.26 - 2.83SMr**+0.14(SMr^)* 
Hark 8 0.76 2.24 RWC = 92.84 - 1.4iSMT*#0.03(SMT^)/ 
Provar 8 0.82 2.43 RWC = 93.11 - 2.18SMTV«V+0.08(SMT^)'' 
^20 df/day/variety. 
'"^'Significant at the 1% level of probability . 
'^Significant at the 5% level of probability. 
/ 'Non-significant at the 5% level of probability. 
SMT and, second, the magnitude of the regression coefficient for each equa­
tion follows the atmospheric demand placed upon the leaves. These points 
are shown graphically in Figure 9. This figure also gives evidence for 
varietal differences, as the regression coefficients are different on a 
given day. Table 11 lists the regression analyses when the varieties were 
pooled on each day. It can be seen that the varieties were statistically 
different on days 5 and 7. In the regression analyses, Hark and Provar 
were coded as -1 and +1, respectively; therefore, the negative regression 
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Table 11. Relative leaf water content (RWC) of Hark and Provar soybeans, 
pooled within days, regressed on both a linear and a quadratic 
soil moisture tension (SMT) term and a variety term for four 
different days 
Day R2 S y.x 
Regression equation 
5® 0.73 1.74 RWC = 89.68 - 1.35SMr*iV+o. 05(SMT2)*-1.16 Variety** 
6 0.75 2.25 RWC = 91.43 - 1.54SMT**+0.04(SMT2)*-0.46 Variety / 
7 0.86 1.81 RWC = 94.54 - 2.59SMT**+0.l3(SMr^)**-0.98 Variety** 
8 0.80 2.32 RWC = 93.20 - 1.92SMT**+0.07(SMT^)*-0.65 Variety // 
^40 df/day . 
^Significant at the 1% level of probability. 
^Significant at the 5% level of probability. 
// Significant at the 10% level of probability. 
/ Non-significant at the 57. level of probability. 
coefficients for the variety term would imply that Hark would have a higher 
RWC at a given SMT when compared to Provar. Hark is associated with a 
more favorable environment with respect to water status because of leaf 
orientation and the more erect type canopy. Stevenson (1969) showed 
erect soybean leaves have lower T^ than non-erect type leaves. 
The lower Tl would imply a lower vapor pressure gradient and therefore 
lower transpiration rates. The actual transpiring surface for each variety 
could also be different between varieties. Differences in the transpiring 
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surface would seem to be an important point because both varieties had 
the same soil environment. Provar seemed to deplete the soil moisture 
supply at a faster rate so there could also have been less water available 
for a given amount of leaf area. This would allow Hark to maintain a 
higher RWC than Provar. Later regression analyses included a variety x SMT 
interaction term, used to determine if the varieties responded differently 
to SMT, However, no significance for this term could be shown. 
The magnitude of the variety regression coefficient in Table 11 seemed 
to be associated with atmospheric demand (defined by the magnitude of the 
evaporation from a Class A-Weather Bureau evaporation pan). It appeared, 
however, that other environmental variables were also involved with the 
variety differences. 
The data for all the days were also grouped and analyzed. Graphical 
depiction was facilitated by computing mean values for different variables 
for each variety within each experimental group (see Figure 3). The re­
gression analyses were, however, applied to all of the raw data. 
Day differences can be seen in Figure 10 where mean values of RWC 
for each group within Hark are plotted versus SMT over 4 days of this ex­
periment. Provar reacted similarly. It is noteworthy that the day dif­
ferences are more apparent at the lower levels of SMT. This would be ex­
pected since the environment has a smaller affect upon leaf RWC as soil water 
becomes limiting (Denmead and Shaw 1962). By grouping the data by variety 
within SMT groups and, then, by plotting mean values of RWC versus differ­
ent environmental variables, the importance (or non-importance) of these 
variables can be evaluated. This is illustrated in Figure 11 where 
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evaporation/hr, a variable which was measured during the sampling period, 
is examined. This figure brings forth two important points. First, the 
importance of evaporation/hr can be seen within each SMT group because 
the mean values of RWC decrease with increasing values of evaporation/hr. 
(Note: the circled point in the lower right hand portion of this figure 
may be an artifact. In the highest SMT group, this day had the lowest 
mean value of SMT.) Secondly, the importance of an evaporation/hr by 
SMT interaction term is suggested because of the difference in the slopes 
of the lines. Using this type of analysis, a regression equation was de­
veloped to describe RWC over days and over varieties. The resulting 
analyses are given in Table 12. It can be seen that SMT and evaporation/hr 
were highly significantly related to RWC. The non-significance of the 
interaction term was unexpected. Apparently, the variability within the 
data masked this point which was noted in Figure 11. As before, the vari­
ety term was highly significant and this term had a negative regression 
coefficient. Further analyses including other environmental variables 
revealed no additional significant relationships between RWC and these 
other variables in this experiment. 
2. Leaf temperature 
a. Individual varieties Leaf temperature (T^) is strongly con­
trolled by the water status of the leaf through the influence which leaf 
water status imposes upon the movement of the stomates. Stomates close 
with increasing moisture stress, thus reducing the ability of the leaf to 
cool by evaporative means (Wiegand and Namken ,1966). Convective transfer 
of heat away from the leaf is controlled by wind, differences between T^^ 
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Table 12, Relative leaf water (RWC) of Hark and Provar soybeans regressed 
individually over all days on linear and quadratic soil 
moisture tension (SMT) terms, an evaporation per hour 
(Evap/hr) term, and the interaction term (regression analysis 
is also given with the varieties pooled over all days) 
Variety R^ S Regression equations y 
Hark^ 0.69 2.37 RWC = 93.74-1.70SMr**+0.04(SWT^)*-56.14 
(Evap/hr)*+5.69(Evap/hr x SMT)/ 
Provar 0.74 2.65 RWC = 93.05-1.68S ^**+0.03(SMT^)*-91.77 
(Evap/hr)**4-8.60(Evap/hr x SMT)// 
Pooled 0.73 2.49 RWC = 93.26-1.60SMT**-t-0.03(SMT^)*-72.71 
(Evap/hr)**+6.79(Evap/hr x SMT)/ -0.70 
Variety ** 
^128 df/variety . 
^^Significant at the 1% level of probability, 
^Significant at the 5% level of probability . 
/Non-significant at the 5% level of probability. 
// Significant at the 107» level of probability. 
and T^, leaf size and shape, and other environmental variables (Gates 1964). 
T^ could possibly be used as an indicator of moisture stress; however, 
different environmental variables affect T^ in addition to leaf water status. 
A study of other effects upon T^ was conducted. 
For a given day in this experiment, RWC provided a good estimate of 
T]^, as can be seen in Figure 12, This is further evidenced by the regression 
analyses presented in Table 13, where both varieties are examined on four 
different days. The effect of cloudiness, which imposed varying radiational 
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Table 13. Leaf temperature (Tl) regressed on relative leaf water content 
(RWC) for both varieties on four different days 
Variety Day R2 
^y.x Regression equation 
Hark 5" 0.35 2.56 TL = 145.50 - 0.70 RWC** 
Provar 5 0.60 1.63 TL 135.90 - 0.59 RWC:Wc 
Hark 6 0.85 1.36 TL = 149.60 - 0.76 RWC** 
Provar 6 0.89 1.34 TL = 152.70 - 0.78 RWC** 
Hark 7 0.74 3.17 TL = 210.75 - 1.34 RWCvWf 
Provar 7 0.87 2.03 TL 182.01 - 1.05 RWC>Wf 
Hark 8 0.81 2.16 TL 177.56 - 0.97 RWCîVvV 
Provar 8 0.84 1.80 TL = 155.70 - 0.74 RWCîWc 
^20 df/variety/day . 
'"'^Significant at the 17» level of probability. 
loads upon the leaf, can be noted by the lower correlations obtained for 
day 5. SMT was also used as an estimator of Tj^, but the correlations were 
lower and the standard deviations were larger than those obtained using RWC 
as the independent variable. This would be expected, as SMT is insensitive 
to atmospheric changes; whereas RWC is actively responsive to these changes 
through changes in the transpiration rate. These changes would have a 
marked effect on T An inverse relationship exists between T and RWC, 
as evidenced by the negative regression coefficients listed in Table 13, 
It can also be noted in Table 13 that the magnitudes of the coefficients 
of regression are different for the two varieties on a given day. This 
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is not unexpected as the two varieties differ in basic leaf shape, leaf 
size, and canopy structure, as previously stated. This will be discussed 
further in a later section concerning varietal differences. It has been 
noted that the relationship between the and the RWC of upper leaves was 
dissimilar on different days and also that the varieties in this experi­
ment could respond differently on a given day. For thes6 reasons a re­
gression model was built from these data to account for both variety and 
day differences. The procedure used will be similar to that employed in 
the RWC-SMT regression model. 
The group means of Tl and RWC for Hark are plotted in Figure 13 for 
4 different days. Provar reacted similarly except for magnitude within 
the same day. The effect of RWC on T^ and also day differences are quite 
apparent. The data were grouped within SMT groups as before to remove 
the variability in Tj^ caused by RWC and plotted versus days. This com­
parison is shown in Figure 14. In this experiment, the most notable en­
vironmental variables causing the observed day differences were vapor 
pressure deficit (VPD) or T^. The coefficients of regression from Table 
13 for Hark and Provar were plotted versus VPD in Figure 15. It can be 
seen from this figure that a VPD term should provide a significant con­
tribution to the regression model, either as a single linear term or an 
interaction term with RWC. It was thought that evaporation/hr would 
integrate the effects of wind, radiation, and VPD and provide a greater 
reduction in the residual sum of squares. Regression analyses, however, 
indicated VPD to be more significantly related to T^ than was evaporation/ 
hr, after RWC was entered into the regression model. The relationship 
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between the regression coefficient and the magnitude of VPD, shown in 
Figure 15, indicates that larger gradients of with respect to RWC 
can be expected on low demand type days if moisture stress is severe. The 
ability of the leaf to cool by evaporative mechanisms would be restricted 
on low demand type days, as the air surrounding the leaf would tend to 
be more saturated with water vapor than on high demand type days. This 
would be similar to the discomfort humans experience on days with very 
high humidities. In the case of the leaf, it must be kept in mind that 
other environmental variables, such as wind or radiation may modify the 
relationship shown in Figure 15, 
A leaf at any level of water status will come into equilibrium with 
its environment. For this reason T^ and wind speed terms were also con­
sidered for the T^ regression model. Wind speed would be expected to add 
significantly to the regression model through the cooling effect it pro­
vides to the leaf by transfer of sensible heat away from the leaf, given 
that Tj^ is greater than T^, or through transport of water vapor away from 
the leaf. 
Interaction terms with respect to T^ were also suspected. To examine 
these effects the raw data were grouped into five RWC intervals. Tj^ was 
regressed on VPD and T^ within each RWC group and variety. The response 
of Tj^ with respect to VPD and T^ is given in Table 14. It can be seen 
that the correlation between the independent variables was small. The 
ranges of T^ and VPD were 77.0 - 86,0°F and 0.05 - 0.141 inches of Hg ^ 
respectively. The response of T^ to T^ at different levels of RWC is 
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Table 14. Leaf temperature regressed on vapor pressure deficit (VPD) 
and air temperature (T^) for both varieties within relative 
leaf water content (RWC) groups (The degrees of freedom and 
the mean RWC within each RWC group are given in columns 1 
and 2. The regression coefficient and its standard devia­
tion are listed in columns 3 and 4. Column 5 contains the 
correlation (R^) between the two independent variables, VPD 
and T^) 
Variety df RWC Regression coefficients Correlation between 
VPD Ta Ta and VPD 
18 80.6 -74.0'H>- + 25.4 0.99** i 0.26 0.29 
11 84.8 -103.6** + 35.8 0.99* + 0.58 0.06 
24 86.8 -127.9** + 30.2 0.84** + 0.21 0.07 
17 89.0 -69.8** +31.3 0.62** t 0.24 0.14 
58 91.8 
-56.9** t 8.5 0.56** + 0.10 0.08 
36 79.3 -58.5** + 15.5 0.96** +0.17 0.07 
15 85.0 6.7/ +26.6 0.47* + 0.22 0.09 
16 36.8 -36.5* + 12.5 0.49** + 0.11 0.00 
28 88.9 -61.9** + 14.4 0.42^w ± 0.12 0.05 
33 91.1 -34.3** + 10.8 0.48** + 0.15 0.16 
'"'Significant at the 17» level of probability. 
''Significant at the 5% level of probability. 
^Non-significant at the 5% level of probability. 
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graphically depicted in Figure 16. This allows to be evaluated in 
terms of T^, holding RWC relatively constant within RWC groups. In fact, 
depending upon the inherent experimental variability within the experi­
ment and the correlations between the independent variables, Figure 16 
should describe the form of the expected interaction between and 
RWC. Figure 16 will be discussed in more detail when the final regression 
model is evaluated. 
The resulting regression equations describing T^ as a regression 
function of RWC, VPD, and T^ are presented in Table 14 for both varieties, 
in sequential order, as each variable was entered into the regression 
equation. 
The importance of the various terms in the final T^-variety regression 
models will now be considered with respect to AT, T^ - T^, since this 
parameter provides a measure of the environmental stress imposed on a leaf. 
In Table 15 it was shown that RWC, VPD, , and the RWC x VPD interaction 
term were significantly related to T^ and would, therefore, affect Û.T in­
directly. Figure 12 clearly shows the relationship between AT and RWC 
for a given day when other environmental variables are considered to be 
constant. The AT for each sample point in Figure 12 is given as the dif­
ference between the measured Tj^ and the horizontal line on the graph cor-
0 
responding to an air temperature of 79.5 F on that day. The increase in T^ 
corresponding to a decrease in RWC is caused by an increased stomatal 
closure and a reduced rate of evaporative cooling. The relationship between 
AT and RWC on a given day is essentially linear; however, there did appear 
to be a more marked increase in T^ with decreasing RWC when the leaf RWC 
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Table 15. Leaf temperature (Tj^) regressed on relative leaf water content 
(RWC), vapor pressure deficit (VPD), air temperature (T^), and 
the interaction term between RWC and VPD for both Hark and 
Provar soybeans (The regression equations are listed in se­
quential order within each variety as each new variable was 
used ) 
Variety^ R^ S ^ Regression coefficients 
b^ RWC VPD Ta RWC x VPD 
Hark 0.33 4.69 155.69 -0.79'Wf - - -
Provar 0.44 3.67 144.07 -0.66*Vf 
-
- -
Hark 0,64 3.44 170.51 -0.84'^^ -101.00** - " 
Provar 0.65 2.93 152.16 -0,67** -70.21** - -
Hark 0.76 2.81 110.37 -0.81** -82.68** 0.69'V* -
Provar 0.76 2.41 103.01 -0.66** -55.15** 0.58** -
Hark 0.78 2.72 164.81 -1.41** -562.60** 0.68** 5.43** 
Provar 0.79 2.30 149.77 -1.20** -495.09*Vr 0.58** 5.11** 
^128 df/variety. 
^^Significant at the 17, level of probability , 
was near 88 - 90% of full turgor. This may define a point at which stomatal 
movement is proceeding towards closure. Stevenson (1969) reported that 
leaf resistance to water vapor transport increased rapidly with decreases 
in RWC below 90%. 
The affect of VPD on T^ was similar to the affect of RWC on Tl. This 
is not unexpected because low values of both RWC and VPD reduce transpira-
tional cooling. The affect of VPD upon aT is depicted in Figure 17 where 
predicted values of aT were calculated from the Hark regression equations 
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Figure 17, Predicted values of leaf temperature (Tl) minus air 
temperature (Ta) plotted versus vapor pressure deficit 
for Hark soybeans at two different levels of relative 
leaf water content (RWC) 
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and are plotted versus VPD for two levels of RWG. It can be seen that 
ZiT increases with decreasing values of VPD for both levels of RWG, but 
the greatest AT occurs when the leaves are at low levels of RWG. 
The response of Tj^ with respect to either RWG or VPD is compli­
cated by the interaction term as was indicated by the last figure. To fur­
ther illustrate this point, the predicted response of T^ with respect to 
RWG is shown in Figure 18 for hypothetical values of RWG and VPD wi^thin 
the range of the corresponding values which were observed in this experiment. 
It should be pointed out that these two figures, and later figures describ­
ing the effects of certain variables on Tl, result from the predicted regres­
sion models. Therefore, the probability or error associated with the esti­
mation of the regression coefficients must be kept in mind. Figure 18 indi­
cates that the response of Tl to unit changes in RWG is always negative; but 
the magnitude of the response increases with lower values of VPD. The amount 
of transpiration necessary to reduce the RWG of a leaf one unit should have 
the same cooling capacity over different values of VPD; however, other mech­
anisms affecting the heat budget of the leaf also come into play. Transpi­
ration would be reduced on low demand days because the air tends to be more 
saturated with water vapor. This would make it difficult for the leaf to 
transpire even at high levels of RWG when the stomates are open. In fact, 
a thermal stress may be imposed upon the leaves under these conditions 
(Figure 17 when RWG = 90.0). The energy received by the leaf would have 
to be dissipated through other mechanisms such as reradiation or convec­
tion. On low demand days when transpirational cooling is reduced, other 
heat transfer mechanisms would be expected to exert a more important role 
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in the heat budget of a leaf. The importance of their role may help ex­
plain the increasing response of with respect to RWC at low levels of 
VPD. 
Heat is transferred away from the leaf by transpiration, by reradia-
tion, or by either free or forced convection (Gates et al. 1965), Re-
radiation is a function of the temperature and the emissivity of the 
radiating surface as given by the Stephan-Boltzmann relationship. Re-
radiation would, therefore, increase if increased. Convection of heat 
away from a leaf is termed free if the motion of the fluid in the gravi­
tational field is maintained solely by differences in density caused by 
local temperature inequalities. Forced convection means that the motion 
of the fluid is due to an applied pressure gradient (Sutton 1953). Be­
cause wind speed was quite low and it did not significantly affect Tl 
in this experiment, free convection probably was greater than forced con­
vection. Free convection is a function of leaf shape, leaf orientation, 
and the temperature difference between the leaf and the air. Therefore, 
if AT increases, as is observed on low demand days, the amount of heat 
dissipated by free convection will be greater than on high demand days. 
The greater temperature gradients between the leaf and the air (Fig­
ure 18) observed on low demand days are caused by an imbalance between 
transpirational cooling and the other heat transfer mechanisms just de­
scribed, The increases in heat transfer mechanisms other than transpira­
tional cooling are not, therefore, large enough to balance the decrease in 
transpirational cooling on the low demand type days. The net result is 
that the leaf will heat up. This situation would be accentuated if the 
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leaf was at a low level of RWC because the leaf would then face a reduced 
level of evaporative cooling because of two factors: 1) low levels of 
VPD and 2) increased stomatal closure. The imbalance would aot continue 
indefinitely, but would come into balance with air temperature when the 
radiation load was decreased. 
The relationship between Tj^ and T^ is not complicated by interaction 
terms; however, some important points are noted. The coefficient of re­
gression for the T^ term is positive, but less than 1.0. This is note­
worthy because the regression model would predict T^ to increase less 
than 1.0° if T^ increased by 1.0°. This would lead to the negative re­
lationship between aT and T^ reported by Baker (1966), Gates 
(1964), Stevenson (1969), and Drake a^. (1970). Wiegand and Namken 
(1966) observed a reversal of this relationship between years for cotton. 
It is presumed that the negative relationship exists between T^ and /\T 
because, with higher temperatures, stomatal conductivity increases and 
this, in turn, increases transpirational cooling. Baker (1966) states 
that either increasing light intensity or air temperature may be involved. 
Stevenson (1969) felt reradiation was also important. Reradiation would 
be greater at higher leaf temperatures because of the Stephan-Boltzman 
radiation law. It would, therefore, be acting in a direction favoring a 
negative relationship between T^ and AT. Reflection of incoming solar 
radiation would also be increased because of the decreased leaf turgor 
(Carlson 1969, Olson 1969, Thomas jet sd. 1967), but this effect would be 
expected to be independent of air temperature. 
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Drake ejt a^. (1970) reported that stoma ta 1 aperture in the upper 
and lower epidermis of leaves of X. strumarium were wider at a leaf 
temperature of 30°C compared to 14.6°C, Zélitch and Walker (1964) re­
ported similar findings for stomatal aperture in tobacco. 
Although an interaction term between and RWC was not significant 
when the data were pooled over days; Figure 16 showed what appeared to be 
a definite interaction term. If the negative relationship between 
and AT is related to stomatal activity, at very low levels of RWC the 
response of to changing would be expected to be near 1.0. Figure 
16 shows that both varieties exhibit this pattern at low levels of RWC. 
The leaf is similar to an inert object when at low levels of RWC because 
the leaf has no other controls over its temperature than reradiation, re­
flection, or convective heat transfer mechanisms. Transpirational cool­
ing would be near zero because cuticular resistances are generally quite 
high. When T^ increased 1°, then T^ would increase approximately 1° be­
cause available energy would not be expended in the vaporization of water. 
The effect of increased stomatal conductivity due to increased T^ as 
RWC increases is shown by the curves in Figure 16 for each variety. If T^ 
increases 1°, then T^ will increase less than 1° depending upon RWC. It 
appears from Figure 16 that both varieties approach a value near 0.50 at 
high levels of RWC when the stomates are fully open. Apparently, the in­
creased stomatal conductivity at higher leaf temperatures is another pro­
tective mechanism which aids the leaf if soil moisture is not limiting. 
It is difficult to evaluate this phenomena in terms of final yield, 
but when moisture stress is imposed, the stomates will commence to close 
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and transpiration cooling will be reduced. The leaf will warm, but this 
warming appears to increase the stomatal conductivities, allowing the de­
gree of thermal stress to be lessened if water is available for transpira­
tion, This may provide significant differences in terms of Tj^ and net 
CO2 fixation rates when accumulated over both individual days and the 
growing season. Gates (1964) states that when photosynthetic rates, 
respiration rates, growth rates, and other biochemical activity within a 
leaf or a plant are considered, a few degrees difference in temperature 
can make an enormous difference in biochemical consequences. 
The standard deviations of each regression coefficient for each 
variety are given in Table 14. The coefficients for each variety overlap 
at both high and low levels of RWC. It appears, however, that the 
curves diverge at intermediate levels of RWC. The stomatal conductivity 
of Provar seems less affected by increased T^ than does Hark, until low 
levels of RWC are encountered. The reason for this is unknown. The 
varietal differences may be related to stomatal density or distribution 
differences. This would possibly cause differences in stomatal resistance. 
Felch (1970) reported that the mean leaf resistances for Hark soybeans 
were lower than the mean leaf resistances for Provar soybeans in a field 
experiment. Boundary layer resistance differences between varieties be­
cause of dissimilar leaf size, leaf shape, and leaf orientation may also 
be involved. If the leaf already has a large resistance to vapor flow 
from the leaf, the increased stomatal conductivity due to higher T^ may 
not increase the actual cooling because the vapor flow is already being 
impeded by the large leaf resistances. 
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The previous discussion has indicated that is influenced by VPD, 
RWC, and T^. The effects of VPD and RWC were similar since both reduced 
the leaf's ability to cool by transpirational means, T^ affected T^ 
in two ways. First, the leaf came into equilibrium with the ambient air 
temperature and, second, the action of the stomates seemed to be modified 
by a T^ X RWC interaction. A response surface was constructed from the 
Hark regression equation to show the three variables (RWC, VPD, and T^) 
in perspective. This is presented graphically in Figure 19, where the 
surface represents the intersection of the three variables when £^T 
is predicted to be 3.0°F, 
b. Varieties pooled The data were pooled over varieties 
and days to determine if the varieties were significantly different. This 
regression model was the same with respect to significant terms, except 
for one important point. The variety term was non-significant. This could 
result from a number of alternatives; first, there were no real differences 
between varieties; second, there were real differences between varieties, 
but the experimental variability was so large that this difference"was 
masked; or a third possibility was that the variety differences were related 
to environmental variables and a simple variety term would not show any 
significance. The following discussion relates to the third alternative. 
The first evidence for a complex variety difference was noted in 
Table 13 where the coefficients of regression for the RWC term were differ­
ent, both between varieties and over days. To examine this pointy predicted 
values of Tj^ were calculated from the regression equations given in Table 
13 for both varieties. The predicted values are plotted in Figure 20 
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Figure 19. A response surface calculated from hypothetical values 
of vapor pressure deficit, air temperature, and relative 
leaf water content using the Hark regression equation 
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on three different days (Vapor pressure deficit (VPD) is 
given in each caption) 
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versus RWC for days 7, 5, and 6. The measured VPD is given in each fig­
ure, and it can be seen that the variety differences do follow VPD. Hark 
has a higher predicated Tj^ value than Provar on low demand days and the 
opposite is true for high demand days, if both varieties are at the same 
level of RWC. 
The varieties were pooled within each day and additional regression 
analyses were conducted. These results are given in Table 16, It can be 
seen that the coefficients of regression for the variety term were dif­
ferent over days in sign, magnitude, and the degree of significance. A 
negative variety regression coefficient indicates that if both varieties 
were at the same level of RWC, Hark would have the higher Tl. This is 
shown in both Figure 20 and Table 16 for day 7 of this experiment. The 
regression coefficients for the variety terra were then plotted versus 
VPD, as shown in Figure 21. A linear relationship seems to exist between 
the variety response differences and VPD. This also shows that a simple 
variety term would not be expected to show significance when the varieties 
were pooled. On low (high) demand days Hark would be associated with the 
positive (negative) regression residuals. The opposite would be true for 
Provar, This point is shown graphically in Figure 22 where the mean 
residuals computed from the pooled regression equation for each variety 
within each day are plotted versus VPD. The circled data point for Hark 
on day 9 represents a minimum number of data points when compared to the 
other days. It can also.be seen that for each VPD value, the variety 
residuals are of the opposite sign. The addition of a variety x VPD 
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Table 16. Leaf temperature (T^) regressed on relative leaf water content 
(RWC) and a variety term for the varieties pooled on each of 
four different days 
Day R2 
^y.x Regression equations 
5' 0.46 2.13 
^L 
= 139.70 - 0.64 RWO'n'f-0.25 Variety / 
6 0.88 1.35 = 151.30 - 0.77 RWCVnHO.52 Variety* 
7 0.79 2.71 TL = 193.11 - 1.16 RWOW-1.59 Variety** 
8 0.81 2.06 TL = 164.58 - 0.83 RWC'Wf-1.00 Variety** 
^4U df per day. 
Non-significant at the 5% level of probability. 
*Significant at the 57» level of probability. 
^"'significant at the 1% level of probability. 
interaction term provided a significant contribution to the regression 
equation. The final model for the pooled regression equation is given in 
Table 17. 
Table 17. Leaf temperature (Tl) regressed on relative leaf water content 
(RWC), vapor pressure deficit (VPD), air temperature (T^), 
an interaction term between RWC and VPD, a variety term, and 
an interaction terra between variety and VPD terms 
R2 Sy X - Regression coefficients^ 
bo RWC") VPD Ta RWCxVPD Variety VarietyxVPD 
0.78 2.55 153.49 -1.26 -519.51 0.63 5.17 -2.10 20.38 
®df = 256 . 
^All coefficients are significant at the 1% level of probability ^ 
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Figure 21. The regression coefficients for the variety term plotted 
versus vapor pressure deficit for Hark and Provar soy­
beans on four different days 
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It must be emphasized that, unlike a controlled laboratory experi­
ment, where conditions can be closely monitored, this experiment was under 
an uncontrolled environment. Thus, the many variables affecting were 
operating both singly and in combination with other variables. Gates 
(1970) speaks of a leaf as an analog computer continuously solving the 
energy balance equation. In the field, the possible interactions are 
exceedingly hard to isolate. 
Assuming remote sensors can properly measure canopy temperatures and 
be properly interpreted as to atmospheric effects due to radiation at­
tenuation, the important point to be made is that, final evaluations of 
the degree of moisture stress imposed upon the canopy will have to be 
carefully interpreted. The main terms, T^ and VPD, will have to be con­
sidered, In addition, the various interactions, both significant and 
implied, will hinder the estimates of canopy moisture stress. 
Another point to be made is that in this experiment, T^ was measured 
on the uppermost part of the canopy. The actual temperature measured by 
a remote sensor would include other parts of the canopy. A question could 
then be posed. Does the temperature of the uppermost leaves represent the 
stress imposed on the canopy or will the canopy temperature as measured by 
a remote sensor better represent the moisture stress? Conaway and van Bavel 
(1966) have shown that when surfaces with different temperatures are 
viewed by a radiation thermometer, the average temperature is not measured. 
Brown jet £l, (1970) note that heat transfer between a crop and the ambient 
air will be largest where the temperatures of the two deviate the most. In 
an earlier experiment with corn. Brown and Covey (1966) have shown that 
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the largest differences between the corn leaves and the ambient air oc­
curred at a downward cumulative LAI of 1.0, Denmead (1966) also noted 
this hot spot in wheat. Thus the measurement of temperature as sensed 
from the uppermost leaves may provide a satisfactory first approximation. 
Directing attention to the question of moisture stress in relation­
ship to the uppermost leaves, Barnes and Woolley (1969) and Claassen (1968) 
have reported that RWC increases upward in corn canopies. Shinn and 
Lemon (1968) have also reported this with respect *to water potential. 
There have been questions raised for soybean canopies in this regard. 
Felch (1970) observed a reversal of the RWC gradient with respect to height. 
Uppermost leaves seemed to be favored with respect to RW!C when moisture 
stress increased. Stevenson (1969) considered water to move preferentially 
to the uppermost leaves in a soybean canopy. Thus, it may be that upper­
most leaf temperatures may underestimate the moisture stress imposed on 
a crop canopy, if they are seen by the remote sensor. 
There is one important consideration to be made in favor of remote 
sensors. Large areas can be scanned and the data can be processed in rela­
tively small time periods by utilizing high speed computers. With proper 
interpretation this may provide acceptable moisture stress estimates in 
future research. It is highly probable that thermal sensing technqiues 
will be combined with energy sensed from other wavelengths to aid the final 
interpretations. This later point will now be considered. 
3. Film density 
In this section the relationships between film response and RWC will 
be discussed. As previously stated, the energy reflected from the soybean 
canopy was measured indirectly by determining the film density of regular 
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color and infrared color slides which were taken from a position directly 
above the soybean canopy while standing on a ladder. The two film types 
used in this experiment differ in their sensitivity to radiant energy of 
different wavelengths. Comparisons between the two film types are given 
in Table 18. Each film type consists of three layers of different dyes, 
yellow, magenta, and cyan, which are activated by radiant energy of dif­
ferent wavelengths (Table 18). It can be seen that normal color film 
is sensitive to radiation of the following wavelengths: blue, green, and 
yellow. After processing, the resulting photograph produces colors which 
are the same as viewed by the eye (e.g., a green object in the field of 
view is green in the processed slide). The infrared film, however, after 
being processed, results in color images that are shifted one block to 
the right in Table 18. A blue image in the slide results from a green 
exposure. Likewise, a green and a red image in the slide result from a 
red and an infrared exposure, respectively (Fritz 1967). The result is 
that healthy green vegetation appears green with normal color film and red 
with infrared film. Infrared film has important agricultural applications 
because of the very marked increase in leaf reflectivity in the near-
infrared wavelengths. Numerous researchers have noted large changes in the 
reflectivity of individual leaves in this spectral region due to physi­
ologic .stresses. Consequently, the possibility exists that physiological 
stresses may be monitored using infrared film. 
In this experiment the regular color film was chosen to separate the 
two varieties with respect to visible appearances. The infrared film was 
used to detect the moisture stress conditions of the plants. This approach 
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Table 18, Comparison of normal and infrared sensitivities of the dye 
layers in each film at four wavelength regions 
Spectral region 
Blue Green Red Infrared 
Normal color film sensitivities Blue Green Red 
Color of the dye layers Yellow Magenta Cyan 
Resulting color in photograph Blue Green Red 
Ektachrome infrared sensitivities Blue Green Red Infrared 
Sensitivities with yellow filter Green Red Infrared 
Color of the dye layers Yellow Magenta Cyan 
Resulting color in photograph Blue Green Red 
was based on preliminary studies which are illustrated in Figure 23, 
where the effect of increased leaf moisture stress on the leaf reflectivity 
is depicted for an individual soybean leaf. It appears that visible wave­
lengths may be useful in moisture detection. These wavelengths are, how­
ever, strongly influenced by pigment absorption. The wavelength sensi­
tivity of the three dyes comprising the infrared film is given in Figure 
24 (Fritz 1967). 
The magenta and yellow dye react equally to radiation received by 
the film. The cyan dye, however, has been deliberately made slower with 
respect to its activation by radiation. If these three layers were not 
balanced in this manner, most foliage would be recorded excessively red 
and small differences in near infrared reflectivities would not be 
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Figure 23. Reflectivity relative to MgO in the wavelength region 
from 400 to 950 mp for a turgid and a non-turgid soy­
bean leaf (The vertical line above 500 mjj indicates the 
lower cutoff for radiation passing through a no. 12 
Wratten filter) 
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Figure 24. Sensitivity of the three dye layers of the infrared 
film plotted versus wavelength (The sensitivity charac­
teristics of the no. 12 Wratten filter are included) 
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detectable (Fritz 1967). Figure 24 also shows that the no. 12 Wratten 
filter is necessary because all three dye layers are sensitive to radi­
ation in the blue wavelength region. It should be noted that the infrared 
film used in this experiment is not sensitive to terrestrial infrared 
energy. The thermal infrared energy which is emitted from leaves is a 
function of the leaf temperature and leaf emissivity. This energy has 
a peak emittance near 10 jj. The energy sensed by infrared film is in 
the wavelength region from 500 to 900 mp as shown in Figure 23. It is 
strictly reflected and scattered solar radiation. 
The relationship between film density and relative leaf water content 
(RWC) of the uppermost leaves was highly variable for both the infrared 
color and regular color film. This is depicted in Figure 25 where regular 
color film densities are plotted versus mean RWC for both varieties on day 
7. In this figure there is a positive relationship between film density 
and RWC. This relationship, however, was negative on other days for both 
the regular color and the infrared color densities. This reversal of 
response with respect to RWC is difficult to understand. It is probably 
related to the large variability in the film densities. Laboratory studies 
showed that if a plant is under moisture stress, both near infrared and 
visible reflectivities will increase,. The energy received by either film 
type should be increased and the film dye associated with each particular 
type of radiation should be further activated. This should increase the 
measured film density. It seems possible that, if the reflectivities in­
crease in all wavelengths which sensitize the film dyes, different com­
binations of film density are possible. 
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Film densities of regular color film plotted versus relative leaf water content 
for Hark and Provar soybeans on dav 7 
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It appears that the major source of difficulty lies with either ob­
taining proper film exposure or reducing variability in the film density 
throughout the slide. Variable film density results from the camera 
seeing more than just the uppermost leaves. Figure 26 illustrates this 
point. There are great differences in the film densities throughout these 
prints. The color (density) of individual leaves for either film type 
appears different because of three factors: 1) leaf orientation with 
respect to the sun, 2) leaf position in the canopy with respect to height, 
and 3) leaf orientation with respect to which side of the leaf is "seen" 
by the sensor. Dorsal and ventral reflectivities in the visible region 
differed by as much as seven percent (Carlson 1969). This would mean that 
the area of the slide sensed by the densitometer would have to be care­
fully selected. It was not possible to measure the density of individual 
leaves within each slide; therefore, a densitometer head which viewed the 
entire canopy, as seen on the slide, was used for the density measurements. 
Enlarged prints taken above row planted soybeans in an adjacent field re­
vealed this same source of variability. Gerbermann et al. (1969) investi­
gated the influence of crop shadows, furrow, and between row backgrounds 
on the density of exposed Ektachrome infrared film collected from an air­
plane flying over row planted cotton. The density measurements were taken 
with a scanning type microdensitometer. They reported that differences in 
the average film densities for nine different locations were directly re­
lated to the amount of shadow and furrow space "seen" by the sensor. 
The variability caused by improper film exposure is difficult to 
isolate. As stated in the experimental methods section, five exposures 
separated by % f-stop increments around the initial camera setting were 
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Figure 26. Regular color and infrared color prints of moisture 
stressed Hark and Provar soybean plants (The photographs 
were taken directly above the canopy from a ladder) 
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made for each group photograph for the infrared film. These five ex­
posures were visually compared on a light table so the proper exposure 
could be determined. These five exposures were generally quite different, 
showing a range from very light to very dark. Variability in the exposure 
selection probably existed; nevertheless, this variability could not be 
controlled because the initial camera setting was selected using the camera 
contained electric eye. 
It appears that moisture stress detection in this experiment, utilizing 
either regular color or infrared color film, is seriously hampered because 
of the following sources of variability. First, there is the variability 
associated with determining the proper exposure. Second, variability in 
density exists within a slide due to differences in what the camera ac­
tually "sees". Canopy differences as to leaf orientation and canopy 
structure appear to seriously affect this source of error. Finally, and 
not previously mentioned, film density can be affected by film age and 
the actual processing procedures. This last source of variability is 
probably small. Precautions were taken to insure that this source of error 
would be small. Fresh film was used in this experiment and the film re­
mained frozen until the day the film was used (Charles Deutsch, Private 
communication, 1969). 
Individual leaf spectroscopy indicates that reflectivity-moisture 
stress relationships are real. When one extrapolates to entire canopies, 
however, the canopy changes appear to have a dominant influence on the 
reflectivity-moisture stress relationships. It may be that higher level 
flights may minimize the canopy effects and the moisture stress effects 
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will become more apparent. This is illustrated in Figure 27, by enlarged 
prints of both an infrared slide and a regular color slide taken from an 
airplane flying over the Beech Avenue experimental area on July 28, 1969, 
These slides are diagrammed in Figure 28 so that pertinent areas of in­
terest can be noted. It can be seen from Figure 27 that the extreme 
variability in film density in a given experimental area is markedly re­
duced when compared to Figure 26, It should be emphasized that in this 
experiment the previously described slides were taken from a ladder im­
mediately above relatively small plots because moisture stress can not 
be readily applied or controlled in large areas. 
It is very difficult to properly interpret the two prints in Figure 
27 without micro-densitometer measurements. They are shown here to demon­
strate differences between the slides taken from the ladder and the air­
plane, It appears that corn and soybeans definitely have different film 
densities in both the regular color and the infrared color slides (e.g., 
compare areas B, B', F and G with areas H and I). Examination of both 
prints reveals that the two varieties, Hark and Provar, can be separated, 
but the row spacing differences within each variety are difficult to 
separate at their present stage of growth. Area H is interesting in that 
obvious density differences between corn plots are present. These differ­
ences are due to planting date and variety differences between plots. 
Tassel emergence and leaf area development are probably included. It may 
be possible to utilize these density differences in large scale photo in­
terpretation studies with respect to corn maturity estimates and economic 
yield. 
Figure 27. Regular color and infrared color prints of the Beech Avenue 
research area (The photographs were taken from an airplane) 
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Figure 28. Physical description of the two slides presented in 
Figure 27 (The letter designations are as follows) 
A. Late planted soybeans used in weed control research 
B. Provar soybeans planted in 20 and 30 inch row spacings 
B', Hark soybeans planted in 20 and 30 inch row spacings 
C. Movable weather shed and experimental site described 
in this thesis 
D. Corn planted in trenches and used for moisture stress 
studies 
E. Grassy area around the weather station 
F. Area planted to soybeans and used in a fertility 
experiment 
G. Soybean research plots 
H. Corn plots used for maturity studies. Six different 
varieties at three planting dates are represented 
I. Irrigated corn experimental plots 
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V. SUMMARY 
The purpose of this study was to investigate the feasibility 
of remotely detecting moisture stress in crops. Initial experiments 
were conducted under laboratory conditions using individual leaf 
samples. These experiments were conducted to determine the relation­
ships between relative leaf water content and leaf density thicknesses 
and the leaf optical parameters,reflectivity, transmissivity, and 
absorptivity. This study was restricted to the wavelength region from 
800 to 2,600 m|i for three crop species (corn, sorghum, and soybeans). 
Special emphasis was given to relative leaf water content. A later 
experiment was conducted under field conditions. In this experiment 
reflected and emitted radiant energy from two soybean canopies grown 
under controlled irrigation were measured in three different wavelength 
regions. These wavelength regions were the visible, the near infrared, 
and the thermal infrared. The reflected energy in the visible and near 
infrared regions were monitored by taking pictures with two identical 
cameras loaded with regular color film and infrared film. A radiation 
thermometer was used to measure the emitted thermal radiation. The 
relationships between various environmental variables and the energy 
emitted (thermal infrared) from leaves were also investigated. Two dif­
ferent soybean varieties differing in leaf shape, leaf size, and canopy 
orientation were used in this experiment. The following results were 
reported. 
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Laboratory experiments; 
1. Leaf reflectivity was highly correlated with relative leaf 
water content ir the wavelength region from 800 to 2,600 mp. 
Specific dry weight density of the leaf samples was also shown 
to significantly affect leaf reflectivity. 
2. Leaf absorptivity .was.highly correj.ated with both specific 
water density and relative leaf water content in the wavelength 
region from 800 to 2,600 mp. An exception was the wavelength 
1,100 mp where absorptivity was very small. 
3. Leaf transmissivity was correlated with both specific water 
density and relative leaf water content in the wavelength 
region from 800 to 2,600 mjj. The degree of significance varied 
with wavelength, 
4. Relative leaf water content was highly correlated with leaf 
reflectivity. When leaf density thickness differences existed 
between the leaf samples, the inclusion of leaf transmissivity 
in the regression equation reduced the variability in the rel­
ative leaf water content estimate. This is based on the ex­
perimental result that leaf transmissivity is more sensitive 
to leaf thickness differences than is reflectivity, 
5. The area under both the reflectivity and transmissivity curves 
in four wide wavelength regions provided very good estimates of 
relative leaf water content. These results suggest that a field 
reflectometer may be constructed and used to measure leaf water 
status. 
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Field experiments; 
1. Relative leaf water content was highly correlated with both 
soil moisture tension and the evaporation from a Weather 
Bureau Class-A evaporation pan. 
2. The two soybean varieties were shown to be significantly dif­
ferent with respect to relative leaf water content. At any 
level of soil moisture tension, the narrow leafed variety 
(Hark) had a higher level of relative leaf water content than 
the wide leafed variety (Provar). 
3. Leaf temperature was highly correlated with relative leaf 
water content for both varieties on a given day. When leaf 
temperatures were examined over different days, vapor pressure 
deficit and air temperature were shown to significantly af­
fect leaf temperature. 
4. A vapor pressure deficit-relative leaf water content interac­
tion term significantly explained leaf temperature variations 
for both varieties. 
5. A negative relationship was observed between (leaf tempera­
ture minus air temperature) and air temperature. The increased 
leaf cooling at higher air temperatures was related to stomatal 
conductivities, because the amount of leaf cooling was shown 
to be dependent upon relative leaf water content. At very low 
levels of relative leaf water content, when the stomates are 
almost fully closed, leaf temperature and air temperature 
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followed a 1:1 relationship. 
6. The leaf temperatures of the two varieties had different 
responses to vapor pressure deficits. If both varieties were 
at the same level of relative leaf water content, the narrow 
leafed variety had higher (lower) leaf temperatures than 
the wide leafed variety on days which had low (high) values 
of vapor pressure deficit. Low values of vapor pressure 
deficit indicate high values of relative humidity. 
7. The relationship between film density (an indirect measure 
of the amount of energy reflected from the canopy) and relative 
leaf water content of the uppermost leaves was highly vari­
able for both the infrared color and the regular color slides 
which were taken immediately above the canopy. This vari­
ability in a given slide was related to density differences 
between leaves having different leaf orientations with respect 
to the camera. 
8. Canopy orientation also affected the film density because 
more of the soil surface was "seen" by the camera when moisture 
stress increased. 
9. Preliminary examination of photographs taken from an airplane 
iriicated that much of the film density variability present in 
photographs taken directly above the canopy is greatly reduced 
with increased airplane altitude. 
10. This study indicates that further moisture stress experiments 
should be conducted utilizing aircraft equipped with sensors 
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capable of detecting reflected and emitted radiant energy in 
the visible, near infrared, and thermal infrared wavelength 
regions. Various parameters, such as row spacing, planting 
date, and canopy orientation, should be monitored to deter­
mine their affect upon the measured reflected or emitted energy. 
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